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CLINICAL DIAGNOSES of depression and depressive symptoms are becoming increasingly common among patients with coronary artery and peripheral vascular disease, with ϳ20% of patients displaying angiographic evidence of vascular disease suffering from major depressive disorders (21) . In addition, previous studies have provided evidence that clinical depression or depressive symptoms of sufficient severity can serve as independent risk factors for ischemic heart disease (20) . However, in recent clinical trials, antidepressant therapy failed to improve cardiac outcomes among patients with major depression (3, 4) , suggesting that a distinct pathophysiological mechanism may be responsible for the compelling associations between clinical depression and the evolution of vascular disease. Patient-based studies have suggested that physiological differences are present between patients suffering from depression/ depressive symptoms and control patients (4, 5) , with one study suggesting that platelet nitric oxide synthase (NOS) activity and plasma nitric oxide (NO) levels were reduced in patients with depressive disorders (8) . However, the validity of these reports has been criticized as suffering from a poor level of control, and heterogeneity in data acquisition procedures. To further interrogate the characteristics linking clinical depression with vascular disease, the contributing mechanisms, functional outcomes, and potential for interventional success, it is necessary to appropriately integrate an animal model for depression/depressive symptoms with data collected using human cohorts.
Previously, investigators developed the unpredictable chronic mild stress (UCMS) model for developing depression/depressionlike behaviors in rodents (16, 22, 26, 28) , with the underlying assumption that a common source for developing depression is an environment of continual stressors resulting from uncontrollable exogenous factors, and the genetic component of depressive behavior being a function of heritable differences in susceptibility to imposed stressors (16, 19) . The UCMS model is considered to be the most appropriate rodent model for human clinical depression, based on its ability to reproduce the development of many human depressive symptoms, including anhedonia and learned helplessness (16, 19, 25) .
Although the UCMS model of depression in mice has been well established in the behavioral sciences, the application of this model to interrogate the association between depressive disorders and peripheral vascular disease has received little attention. The purpose of this study was to determine the relationships between chronic stress/depressive symptoms and vascular function in a mouse strain that is highly susceptible to the development of depression/depressive symptoms as a result of the UCMS protocol, the BALB/cJ (16, 27) . This study evaluated the hypothesis that the UCMS protocol, leading to depressive behaviors in mice, would cause significant impairments to vascular reactivity that are consistent with the development of peripheral vascular disease, including increased constrictor reactivity and blunted dilator responses. Results from this study suggest that chronic depressive symptoms in mice strongly associated with poor vascular endothelial function and that this may have significant implications for the regulation of vascular tone, thrombosis, atherogenesis, and tissue/organ perfusion.
MATERIALS AND METHODS

Animals.
Male BALB/cJ mice (Jackson) were fed standard chow and drinking water ad libitum and were housed in the animal care facility at the West Virginia University Health Science Center (WVU HSC). All protocols received prior institutional animal care and use committee (IACUC) approval. At 9 wk of age, mice were divided into two groups, control and UCMS (below). After 8 wk duration under either condition, mice were anesthetized with injections of pentobarbital sodium (50 mg/kg ip), and a carotid artery was cannulated for determination of arterial pressure. Venous blood aliquots were collected for biochemical evaluation of plasma markers of dysfunction (below).
UCMS protocol. All mice were singly housed, with the control group in a separate, nearby quiet room. Alternatively, in the UCMS group, mice were randomly exposed to the following stressors on multiple occasions throughout each 24-h period: 1) damp bedding: 10 oz of water was added to each standard cage for the next 3 h; 2) water: all bedding was removed and ϳ0.5 in. of water was added to empty cage for the next 3 h; 3) each cage was tilted to 45°with or without bedding for 3 h; 4) social stress: each mouse was switched into a cage of a neighboring mouse for 3 h; 5) no bedding lasting for 3 h or, on two occasions each week, overnight; 6) succession of light/dark cycles, lasting 30 min throughout a 24-h period; and 7) exposure to predator smells (e.g., cat fur) and/or sounds (e.g., cat growling).
After 8 wk, all mice were subjected to a series of behavioral tests that were aimed at evaluating the outcomes of the UCMS procedures.
Coat status. This evaluation was done throughout the duration of the UCMS protocol. The total cumulative score was computed by giving an individual score of 0 (clean) or 1 (dirty) to eight body parts (head, neck, dorsal coat, ventral coat, tail, forelimb, hindlimb, and genital region). Splash test. This test was used to evaluate acute grooming behavior, defined as cleaning of the fur by licking or scratching. A 10% sucrose solution was sprayed on the dorsal coat of each mouse, and grooming activity was recorded for 5 min. The viscosity of the sucrose solution will dirty the coat and induce grooming behavior, with depressive symptoms characterized by an increased latency (idle time between spray and initiation of grooming) and decreased frequency (number of times grooming a particular body part).
Tail suspension test. Mice subjected to the short term, inescapable stress of tail suspension will develop an immobile posture, with longer periods of immobility in mice exhibiting a depressed behavior. Mice were suspended by the tail on a horizontal bar 35 cm from the base platform using adhesive tape. The latency to the first bout of immobility and the duration of total immobility were recorded for 6 min.
Measurements of vascular reactivity. In each mouse, the thoracic aorta was removed, rinsed in physiological salt solution, cleared of surrounding tissue, and cut in 2-to 3-mm segments. Each ring was mounted in a myobath chamber between a fixed point and a force transducer (World Precision Instruments) and set to 0.5-g tension for 45 min to equilibrate. The organ baths contained physiological salt solution at 37°C and were aerated with 95% O 2-5% CO2. Rings were preconditioned by treatment with 10 Ϫ7 M phenylephrine for 5 min, at which time 10 Ϫ5 M methacholine was added to the bath to assess endothelial integrity. Any ring that failed to demonstrate both a brisk constrictor response to phenylephrine and viable endothelial function was discarded. Subsequently, rings were treated with increasing concentrations of phenylephrine (10 Ϫ10 M-10 Ϫ3 M) to assess constrictor reactivity. For the assessment of dilator reactivity, rings were pretreated with 10 Ϫ6 M phenylephrine and exposed to increasing concentrations of methacholine (10 Ϫ10 M-10 Ϫ3 M) and sodium nitroprusside (10 Ϫ10 M-10 Ϫ3 M). To assess the roles of nitric oxide, cyclooxygenase and hydrogen peroxide in modulating vascular responses to the agonist treatments, concentration-response curves were also conducted following treatment of the rings with N -nitro-Larginine methyl ester (L-NAME) (10 Ϫ4 M), indomethacin (10 Ϫ5 M), and catalase (10 Ϫ4 M), respectively. Measurement of vascular nitric oxide and hydrogen peroxide bioavailability. From a cohort of mice within each group, the aorta was used to assess vascular NO and H2O2 production using ampero- metric sensors (World Precision Instruments). Briefly, aortas were isolated, cleaned, and placed within a sealed chamber filled with physiological salt solution equilibrated with 95% O 2-5% CO2. Within this chamber, a nitric oxide sensor (ISO-NOPF 100) and a hydrogen peroxide sensor (ISO-HPO-100) were inserted and a baseline current was obtained. Subsequently, methacholine (10 Ϫ6 M) was added to the chamber and the changes in current were determined. To verify that responses represented NO and H 2O2 release, these procedures were repeated following addition of L-NAME (10 Ϫ4 M) or catalase (10 Ϫ4 M) to the chamber. Analyses of endothelial NOS expression. For determination of endothelial NOS (eNOS) expression, aortas were homogenized and proteins were separated under denaturing conditions on 10% SDSpolyacrylamide gel, which were then transferred to a PVDF membrane and blocked. Subsequently, blots were incubated with mouse anti-eNOS/NOS Type III mAb (BD Transduction Laboratories), washed, and incubated with appropriate horseradish peroxidase-conjugated secondary antibody. GE Healthsciences ECL advance kits were used to visualize proteins, and all eNOS bands were normalized to expression of actin.
Biochemical analyses. In all samples, blood glucose was determined using a commercially available glucometer (Freestyle). Lipid panels for cholesterol and triglycerides were performed using commercially available kits (Wako). Additionally, oxidant stress was assessed through determination of plasma nitrotyrosine (Cayman). Finally, using a multiplexed procedure, plasma insulin and markers of inflammation were assessed using commercially available kits (Millipore).
Data and statistical analyses. Mechanical responses following challenge with methacholine or phenylephrine were fit with the three-parameter logistic equation:
where y represents the isometric tension; min and max represent the lower and upper bounds, respectively, of the change in tone with agonist concentration; x is the logarithm of the agonist concentration; and logED 50 represents the logarithm of the agonist concentration (x) where the response (y) is halfway between the bounds. The use of the three-parameter logistic equation is appropriate for the analysis of sigmoidal concentration-response relationships, as it simultaneously provides estimates of the curve maximum (upper bound), minimum (lower bound) and the dose at which the dependent variable reaches 50% of maximum (ED 50).
All data are presented as means Ϯ SE. Significant differences between groups were determined using ANOVA. In all cases, Student-Newman-Keuls post hoc test was used when appropriate and P Ͻ 0.05 was taken to reflect statistical significance. Table 1 presents data describing the characteristics of mouse groups in the present study. At the time of use, plasma insulin, triglyceride concentrations, and plasma levels of nitrotyrosine were significantly greater in UCMS mice than in controls. No differences were determined between body mass, mean arterial pressure, plasma glucose, and cholesterol levels.
RESULTS
The impact of the UCMS protocol on depressive behaviors in mice is summarized in Fig. 1 . Throughout the duration of the UCMS period, coat status in mice undergoing the stress protocol was consistently poorer compared with that in controls (Fig. 1A) . In response to the sucrose spray, control mice demonstrated both a more rapid (Fig. 1B) and a more frequent (Fig. 1C ) grooming response compared with that exhibited by mice following the UCMS protocol. In response to tail suspension, control mice demonstrated a significantly shorter period of immobility compared with that in UCMS mice (Fig. 1D) . Figure 2 summarizes the constrictor responses of aortic rings from the two mouse groups in response to increasing concentrations of phenylephrine. As shown in Fig. 2A , there was no evidence of an altered constrictor reactivity of rings from UCMS mice in response to phenylephrine. However, when treated with the NOS inhibitor L-NAME (Fig. 2B) , the constrictor responses of rings from control mice increased significantly, a response not present in UCMS. Treatment of vascular rings from either group with indomethacin had no impact on the constrictor response to phenylephrine (Fig. 2C) , and combined treatment with both L-NAME and indomethacin was not different from that for L-NAME alone (Fig. 2D) .
The dilator responses of vascular rings from control and UCMS mice are summarized in Fig. 3 . Rings from UCMS mice demonstrated a significant reduction in methacholineinduced dilation compared with responses in rings from control mice (Fig. 3A) . While pretreatment of rings with L-NAME nearly abolished methacholine-induced reactivity in control mice, NOS blockade had only a minor impact on dilation in rings from UCMS mice (Fig. 3B) . Further, while methacholine-induced dilation was only mildly impacted by treatment with indomethacin in both groups (Fig. 3C) , treatment with L-NAME and indomethacin produced results that were comparable to that for L-NAME alone (Fig. 3D) . The dilation of aortic rings to increasing concentrations of the NO donor sodium nitroprusside did not differ between control and UCMS mice (Fig. 3E) .
The arterial expression of eNOS in control and UCMS mice was not altered by the UCMS protocol (Fig. 4) . These results suggest that any change in NO bioavailability and the impaired NO-dependent component of methacholine-induced dilation in UCMS mice does not reflect a change in vascular eNOS expression. Figure 5 presents data describing the impact of treatment of aortic rings from both mouse groups with catalase on methacholine-induced dilation. Treatment of rings with catalase, while having minimal impact of dilator reactivity in control . Data are presented under control conditions (A; control, lower bound ϭ 16.6 Ϯ 3.9%; UCMS, lower bound ϭ 37.4 Ϯ 4.6%), following pretreatment of rings with the H2O2 scavenger catalase (B; control ϩ catalase, lower bound ϭ 23.8 Ϯ 4.4%; UCMS ϩ catalase, lower bound ϭ 72.3 Ϯ 6.1%), or following combined treatment with catalase and L-NAME (C; control ϩ catalase/L-NAME, lower bound ϭ 91.4 Ϯ 2.8%; UCMS ϩ catalase/L-NAME, lower bound ϭ 92.6 Ϯ 3.1%). *P Ͻ 0.05 vs. responses in untreated vascular rings from control mice; †P Ͻ 0.05 vs. responses in untreated vascular rings from UCMS mice; n ϭ 8 for control; n ϭ 8 -9 for UCMS. Fig. 6 . Aortic production of nitric oxide (A) and H2O2 (B) following methacholine challenge in mice under control conditions and following 8 wk of UCMS. Data are presented for arteries under control (unstimulated) conditions, following challenge with methacholine and following methacholine challenge in the presence of NOS inhibition with L-NAME. *P Ͻ 0.05 vs. responses in unstimulated vessels in that group; †P Ͻ 0.05 vs. responses in vessels from control animals following challenge with methacholine; ‡P Ͻ 0.05 vs. responses in vessels from that group following challenge with methacholine; n ϭ 5 for control; n ϭ 6 for UCMS.
mice, significantly reduced dilator responses in UCMS mice (Fig. 5, A and B) . Further, combined treatment of rings with L-NAME and catalase nearly abolished responses of vascular rings to methacholine in both control and UCMS groups (Fig. 5C) .
The results of biochemical assays for methacholine-induced NO and H 2 O 2 production are summarized in Fig. 6, A and B , respectively. Aortas from control mice demonstrated a robust NO production in response to challenge with methacholine compared with levels in unstimulated vessels, while that from UCMS mice was significantly attenuated (Fig. 6A) , paralleling the mechanical responses presented in Fig. 3 . In contrast, methacholine challenge resulted in a limited production of H 2 O 2 in aortas from control animals, yet caused a strong increase in H 2 O 2 release in vessels of UCMS (Fig. 6B) , providing further support for the data presented in Fig. 5 . The production of H 2 O 2 in response to application of methacholine in either group was unaffected by pretreatment with L-NAME.
Plasma levels of inflammatory cytokines in control and UCMS mice are summarized in Fig. 7 . Although mean values were elevated for TNF-␣ (Fig. 7A) , IL-1␤ (Fig. 7B) , and C-reactive peptide (CRP; Fig. 7C ) in UCMS mice compared with control, a high variability in these measurements between animals within the UCMS group prevented differences from reaching statistical significance. Plasma levels of IL-10 ( Fig.  7D) were not different between the two groups of mice.
Given the variability in markers of peripheral vascular disease risk in the UCMS mice, it is important to determine the extent to which these substances were predictive of poor vascular outcomes in this model of chronic stress/depressive symptoms. As presented in Fig. 8 , plasma levels of TNF-␣ (Fig. 8A), insulin concentration (Fig. 8D) , and nitrotyrosine (Fig. 8F) were well correlated with vascular reactivity in control mice (with r 2 Ͼ 0.6 for each), with other risk factors [IL-1␤ (Fig. 8B), CRP (Fig. 8C) , and arterial pressure (Fig.  8E) ] being less predictive. However, none of the measured risk factors were strongly predictive of the vascular outcomes in the UCMS mice where r 2 values ranged between 0.013 for insulin and ϳ0.3 for both arterial pressure and nitrotyrosine.
However, if relationships in Fig. 8 are separated into tertiles with regard to vascular outcome, these data are more informative. In Fig. 9 , vascular dysfunction is separated as such, with the first tertile representing mild vascular dysfunction (lower bound of the methacholine-induced dilation Ͻ20% of initial tension), the second tertile representing moderate vascular dysfunction (lower bound between 20 and 40% of initial tension), and the third tertile representing severe vascular dysfunction (lower bound Ͼ40% of initial tension). When presented in this fashion where the correlation between specific risk factors and the graded severity of vascular dysfunction in UCMS mice is presented, it is apparent that mild levels of vascular dysfunction in response to UCMS are not well predicted by any of the risk factors determined. In mice where a moderate reduction in dilator reactivity was present (second tertile), this degree of vascular impairment was well predicted where a significant elevation in arterial pressure was the primary outcome of the UCMS protocol. The strongest levels of vascular dysfunction were observed in mice where the UCMS protocol was able to create a more insulin-resistant, hypertensive state.
DISCUSSION
With a growing body of clinical and epidemiological evidence suggesting a link between chronic stress/depression and the progression of vascular disease, it is vital to utilize an appropriate animal model such that experiments can be designed that will interrogate these processes at a high level of resolution, for mechanistic contributors, functional implications, and interventional strategies. The UCMS model for the establishment of depressive symptoms in rodents has been repeatedly validated within behavioral research and has demonstrated a remarkably broad utility. Not only is this model used for general studies involving chronic stress and depression (19, 25) , it has also been employed as an excellent means for evaluating interventional and potentially ameliorative therapies (12, 19, 25) , as the depressive state in rodents manifests behaviors that mimic those in human subjects afflicted with clinical depression (25, 27) . One of the main underlying assumptions of clinical depression and depressive symptoms is that the presence of chronic exogenous stressors will initiate depression/depressive symptoms in all afflicted subjects, but that underlying genetic, heritable traits are directly relevant to the severity of these symptoms rather than basic susceptibility per se (25, 27) . The veracity of this fundamental assumption has been evaluated previously in multiple mouse strains in response to the imposition of the UCMS protocol. Interestingly, across numerous mouse strains, the BALB/cJ was consistently demonstrated as being among the most susceptible to the UCMS protocol, with the most severe development of depressive symptoms as a result of the chronic stressors (10, 15) . Given that previous studies have identified the BALB/cJ strain to be somewhat less susceptible to vascular dysfunction (11, 17) underscores the potential importance of the relationships between chronic stress/depression and negative vascular outcomes under investigation in the present study.
Building on the results from previous studies of impaired vascular function in human subjects with increasing depressive symptom severity (3), the UCMS mouse model was used to further interrogate these relationships. With the success of the UCMS protocol in producing depressive behaviors in mice (Fig. 1) , the present results demonstrated that this was associated with significant impairments and alterations to vascular reactivity. Net reactivity of aortic rings to phenylephrine was not significantly different between control and UCMS mice, a response that is in contrast to the recent work from Neves et al. (18) , although that study utilized rats and a much shorter duration of UCMS exposure. However, in the present study application of L-NAME resulted in an increased constrictor response in control mice only, suggesting a level of NO production that buffers phenylephrine-induced constriction, an observation that was completely absent in UCMS mice (Fig.  2) . This lack of an impact of L-NAME on adrenergic reactivity suggested that one of the effects of UCMS was a reduction in vascular NO bioavailability, although the responses of vascular smooth muscle to exogenous NO appear to be intact as responses to sodium nitroprusside were unaffected.
This concept of impaired endothelial function was further explored through interrogation of dilator responses to the endothelium-dependent agonist methacholine. While methacholine-induced vasodilation in rings from control animals was overwhelmingly a function of NO production, this pattern was altered substantially in UCMS mice (Fig. 3) . Following the UCMS protocol, methacholine-induced dilation, while blunted vs. responses from control mice demonstrated a reduced dependence on, and role for, NO bioavailability. However, as combined treatment with L-NAME revealed a residual dilator response to methacholine, these results suggest that a compensatory dilator mechanism develops in UCMS mice where NO bioavailability is compromised. Based on the data presented in Fig. 4 , it seems unlikely that this reduction in vascular NO bioavailability reflects a reduction in NOS expression within the aortic endothelium, as expression was not altered between control and UCMS mice.
As summarized in Fig. 5 , treatment of aortic rings from UCMS mice with the hydrogen peroxide scavenger catalase reduced methacholine-induced dilation, while having minimal impact on responses in rings from control mice. Further, combined treatment of vascular rings with L-NAME and catalase nearly abolished vascular responses to methacholine in both control and UCMS mice. These results strongly suggest that the vascular production of H 2 O 2 in response to challenge with methacholine may represent a compensatory mechanism which helps to maintain normal vascular mechanical responses to vasoactive stimuli. This conceptual paradigm received additional support through the measurements of NO and H 2 O 2 production in aortas of control and UCMS mice following challenge with methacholine. Presented in Fig. 6 , the reduction in agonist-induced NO bioavailability in UCMS mice was associated with an increased H 2 O 2 production vs. responses in aortas from control mice.
One of the more intriguing elements to the present study was assessing major contributing mechanisms that could underlie the demonstrated changes in vascular reactivity with chronic UCMS in mice. As evidenced by the data summarized in Fig.  8 , vascular reactivity in control mice demonstrated a predictable correlation with markers of inflammation (Fig. 8, A-C) , an index of insulin resistance (Fig. 8D) , and a plasma marker of oxidant stress (Fig. 8F) . However, in UCMS mice, these correlations were much less robust as neither these markers, nor arterial pressure (Fig. 8E) , were able to effectively predict the reduced dilator responses in UCMS-mice, with only arterial pressure and plasma nitrotyrosine demonstrating r 2 values in excess of 0.3. This is a particularly interesting outcome in that UCMS mice developed insulin resistance that, while not severe, could certainly contribute to alterations in endotheliumdependent vascular reactivity through multiple mechanism associated with NO bioavailability, oxidant stress, and chronic inflammation (7, 14, 24) . Given this, we elected to analyze the data after dividing the vascular outcome into tertiles based on the severity of the impaired dilator reactivity (Fig. 9) . The results from these analyses were particularly intriguing, as mild vascular impairments as a result of the UCMS protocol occurred largely in the absence of alterations to insulin sensitivity, chronic oxidant stress, inflammation, or elevated arterial pressure. However, moderate impairments in vascular reactivity in UCMS mice were associated with the development of increased arterial pressure only, were weakly predicted by oxidant stress and inflammation, and were independent of insulin sensitivity. It was only at the highest levels of vascular dysfunction as a result of UCMS where both hypertension and insulin resistance (with the associated elevation in oxidant stress) became robust predictors of the negative outcomes.
Taken together, these data provide for multiple compelling avenues for future investigation. First, a greater understanding of reduced NO bioavailability with UCMS warrants attention, via determination eNOS activity and its regulatory processes. Additionally, future studies should be organized to distinguish chronic stress/depression from a general lack of physical activity (and the possible role of insulin resistance in this process; Ref. 23 ) as a result of the UCMS protocol, as the mice experiencing the stress procedures did manifest a greater degree of behavior (delayed/reduced motor responses to stimuli, reduced physical struggling against holding/restraint) that is comparable to the "learned helplessness" that afflicts human subjects with clinical depression/depressive symptoms. Further, the results presented in Fig. 9 suggest that there is a level of vascular dysfunction inherent in UCMS and the development of depressive symptoms in mice that is not associated with the measured parameters in the present study, and which may reflect the impact of currently unidentified processes. What makes this particularly compelling is that it is apparent that even though all mice undergoing the UCMS protocol were genetically identical, and each manifest comparable behavioral outcomes, variability in the vascular outcome, and most certainly in the contributing elements to that vascular dysfunction, is present. As a point of speculation, this suggests that the individual responses to chronic exogenous stress may be heterogeneous, even within an inbred strain, and that variability in terms of adaptation in response to imposed external stressors may result in distinct developmental routes through which an integrated pathophysiological outcome develops. We believe that this warrants future investigation.
One area that requires a brief clarification is that of "vascular depression," a term that describes the development of depressive symptoms that stems from cerebrovascular dysfunction impacting cerebral perfusion distribution (1). In vascular depression, the depressive symptoms are the result of poor perfusion to the prefrontal regions or their modulating pathways owing to an accumulation of vascular lesions that negatively impact behavioral outcomes, leading to a state of clinical depression (2) . Given the novelty of using the UCMS model in mice for the study of vascular dysfunction, one area that will require future investigation is the temporal association of the depressive symptom severity and the alterations to cerebrovascular reactivity, as the extent to which these are distinct pathological conditions is presently unclear.
In summary, these results suggest that depressive symptoms of sufficient severity can represent a powerful factor in the development of negative vascular outcomes in a mouse model of chronic stress/depression. The vascular dysfunction that develops with depressive symptoms is characterized by an abrogation of vascular NO bioavailability, although net vascular reactivity is still largely intact owing to the emergence of H 2 O 2 as a compensatory dilator metabolite. We believe that future investigation into the role of depressive symptoms vs. physical activity, the mechanistic bases of the vascular dysfunction, the functional implications for the change in endothelial function, and the potential for ameliorative interventions is well justified.
